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Aspects of the preparation process and performance degradation are two major problems of photo-
cathodes. The lack of a means for dynamic quantum efficiency measurements results in the inability
to observe the inhomogeneity of the cathode surface by fine structural analysis and in real time. Here
we present a simple and scalable technique for in situ real-time quantum efficiency diagnosis. An
incoherent light source provides uniform illumination on the cathode surface, and solenoid magnets
are used as lens for focusing and imaging the emitted electron beam on a downstream scintillator
screen, which converts the quantum efficiency information into fluorescence intensity distribution.
The microscopic discontinuity and the dynamic changes of the quantum efficiency of a gallium ar-
senide photocathode are observed at a resolution of a few microns. An unexpected uneven decrease
of the quantum efficiency is also recorded. The work demonstrates a new observation method for
photoemission materials research.
PACS numbers: 85.60.Ha, 29.20.Ej
Over the past several decades, photocathodes have
played various important roles in many fields, such as
image intensifier [1], ultra-fast streak camera [2], and
photomultiplier tube [3], etc. Especially in recent years,
photocathodes have become the most important high-
brightness electron sources to drive X-ray free electron
lasers or Compton back-scattering γ-ray sources [4–10],
which have promoted the development of optical sciences,
biological sciences, organic chemistry and many other
cutting-edge sciences [11–14].
Although photocathodes have been widely used, there
are still some questions surrounding them, among which
the microscopic dynamic process of their performance,
which mostly refers to the quantum efficiency (QE), is
the utmost importance. For example, the relationship
between the photocathode QE degradation and the envi-
ronment, such as temperature or ion back-bombardment,
has been widely studied [15–20], but the details are
mostly hypothetical or based on simulation. Also,
field emission defects and the non-uniformity of photo-
cathode’s surface will reduce the quality of the high-
brightness electron beam and the X-ray or γ-ray sources
driven by it, making laser transverse shaping fails to some
extent, but it is complicated to measure the QE uni-
formity in the small range of the laser irradiation spot
[21, 22]. In addition, the dynamic effect of each compo-
nent on the cathode performance during the preparation
or activation of the semiconductor photocathode is typi-
cally measured only by laser irradiation at a single spot.
All these issues arise from the lack of a means for in situ
high-resolution real-time QE observation. Earlier stud-
ies used a laser focused to a small spot to raster scan the
QE of the cathode surface. This method is called ’QE
mapping’, the resolution of which could reach < 100 µm
[20, 23–28], but the scanning time would last for minutes
to hours, depending on the resolution. Photoemission
electron microscopy (PEEM) could offer the best reso-
lution (∼ 10 nm) of QE distribution [29, 30]. However,
this technique requires the cathode to be moved into its
system, thus the photocathodes cannot be observed in
real-time or in situ.
In this paper, we present a simple in situ real-time QE
imaging of a high-voltage photocathode DC gun, as well
as some of the cathode dynamic changes observed during
its use.
This study was conducted at the Tera-Hertz free elec-
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2tron laser (THz FEL) facility [31] at the China Academy
of Engineering Physics (CAEP). The electron beam line
downstream the high-voltage DC gun was used as the
imaging system, which is shown in Fig. 1(a). In order
to avoid the coupling of the transverse distribution of
the coherent light source, a lamp, as an incoherent light
source, was placed far enough from the photocathode, to
provide a uniform illumination. Although QE is a func-
tion of the wavelength, a uniform illumination ensures
that the transverse density distribution of the emitted
electrons is proportional to the relative QE distribution
at any corresponding wavelength. The emitted electron
beam was then accelerated by the electric field inside the
high-voltage gun. The voltage can reach 320 kV, which
makes the field gradient on the cathode surface E0 =4.14
MV/m, as calculated by the SUPERFISH code [32]. In
this work, four pieces of gallium arsenide (GaAs) photo-
cathodes were tested. All the cathodes were flat, 18 cm
in diameter and covered by a tantalum cap. The average
emission current was about a pico to a nano Ampere, thus
the space charge effect can be neglected, and it was a lin-
ear electron optical system. Two solenoids were placed
downstream to provide two different images, one is an
enlarged image with better resolution to give some spe-
cific local details, and the other image is smaller so as to
observe the whole QE distribution over the cathode. The
images are generated at the YAG phosphor screens and
captured by the CCDs. A laser scanning system focuses
the laser to a specific point and measures the QE at that
point, making the absolute QE distribution of the entire
cathode available.
The equivalent focal length of the solenoids versus the
excitation current, as simulated by the particle tracking
code ASTRA [33], is shown in Fig. 1(b). The beam was
rotated when passing through the solenoid. An ’evil face’
pattern was used to simulate the magnification and rota-
tion. In the simulation, macro-particles were generated
by the code ASTRA with a uniform distribution and the
same size as the photocathode, as shown in Fig. 1(c).
Fig. 1(d) shows the electron distribution outside the gun
with no solenoid magnet, where the pattern turned to be
larger and not clear due to the initial transverse momen-
tum. The enlarged pattern, with the excitation current
of S1 at 5.7 A, is shown in Fig. 1(e). In this case, the
image magnification was about 2.1, and the rotation was
about 116◦ counterclockwise. When the current of S1
and S2 were 4.4 A and 4.0 A, respectively, a smaller im-
age could be captured at YAG2, as shown in Fig. 1(f),
where the magnification was about 0.6, and the rotation
was 86◦ counterclockwise.
The transverse spatial resolution R is mainly deter-
mined by the beamline optical magnification and the
CCD resolution. The beamline optical magnification was
limited by three factors, which are the vacuum pipe size
( 60 mm in diameter), the YAG screen size (25 mm wide
and 18 mm high) and the maximum current of the power
FIG. 1. The photocathode QE imaging system at CAEP. (a)
The beamline layout (Not to scale): S, Solenoid magnet to
focus the electron beam; C, magnetic Corrector to change the
direction of electron beam; FCT, Fast Current Transformer to
measure the beam bunch charge; YAG, Yttrium Aluminum
Garnet phosphor screen doped with cerium; CCD, Charge-
Coupled Device for image detection. (b) The equivalent focal
length of the solenoids versus excitation current. (c)-(f) AS-
TRA simulation results for electron distribution on the cath-
ode (with an initial ’evil face’ pattern), in the gun exit, at
YAG1 and at YAG2.
sources of S1 and S2 ( 6 A and 4 A, respectively). For
all these factors the magnification was found to be less
than 3.The CCD is a model ’FL3-GE-13S2M-C’ Point-
Grey camera [34], equipped with a Nikon ’AF Nikkor
50mm f/1.8D’ lens. The best resolution of this CCD is
about 30 µm/pixel, making the best resolution of the
whole QE imaging system be about 10 µm/pixel. The
dynamic range of the camera is 59.14 dB, which indi-
cates that the imaging method can theoretically resolve
QE differences as small as 10−6.
FIG. 2. GaAs photocathode QE distribution. (a) QE map-
ping measured by the laser scanning across the cathode sur-
face. (b) The QE imaging captured at YAG2.
The results obtained by the two methods for measuring
QE distribution of cathode #1 are shown in Fig. 2. For
3the former, the photo-injector drive laser was focused into
a small spot to scan the QE with a step size of about 1.81
mm. The laser had an approximately round Gaussian
transverse distribution with a root mean square (RMS)
size of σr =0.64 mm. The space charge limit (SCL) was
calculated as [35]: QSCL = 2piε0E0σ
2
r = 94 pC,where ε0
is the dielectric constant in the vacuum. It means the
emitted bunch charge would be proportional to the QE,
as long as it is less than 94 pC. The laser power could
be continuously adjusted in the range from 0 to 8 W
at the wavelength of 532 nm. And the duty factor was
adjustable from 5×10−9 to 1. The raster scanning QE
distribution is shown in Fig. 2(a). The largest single
bunch charge is 50.2 pC, less than 94 pC.
For comparison, the pseudo-color picture of the QE
distribution captured at YAG2 is shown in Fig. 2(b).
As the saturation was not reached, the brightness of the
phosphor screen was proportional to the charge density,
which was also proportional to the QE distribution. The
absolute value of the QE was given by a single spot of the
scanning result in a relatively uniform region. The rota-
tion of the image has been restored. Also, by cathode size
calibration, the distance between two pixels represented
about 82 µm on the cathode surface. The image was
sharper, and most importantly it took much less time.
The captured bitmap (BMP) images have only 256 lev-
els of grayscale, so the dynamic range of this system was
about 24 dB. The selected background within the dotted
white box has an averaged 3.95 level of grayscale, making
the signal-to-noise ratio 65:1.
Neither of the two methods can obtain accurate results
at the edge of the cathode. For the scanning method,
the laser will be cut at the edge, thus the QE map is
a little larger than the cathode in size. Meanwhile, for
the imaging method, the lamp light is intensified by the
tantalum cap, so the QE will be greater than the actual
value at the edge. Both methods show that the lower
right corner of the cathode has lower QE. These non-
uniformities are due to the nonuniform growth of the
Cs-O active layer on the GaAs cathode surface. The
optimum number of atoms in the active layer is Cs:O
≈2:1 [36], but in the cathode preparation chamber, the
two Cs sources are placed at both side of the cathode,
one of which evaporates less than the other.
The dynamic process of the QE degradation caused by
ion bombardment was observed in situ on the surface of
cathode #1, as shown in Fig. 3. The electron gun was
working in the continuous wave (CW) mode for about 2
hours to make the effect of the ion bombardment signif-
icant. The average current of the cathode emission was
0.5 mA. The laser struck near the center of the cath-
ode. The average laser power was under 50 mW to make
sure that the temperature at the laser spot on the cath-
ode did not change greatly (less than 1 ◦C, simulated
by Ansys code). The QE of the photocathode should be
exponentially decreased if only the influence of vacuum
was considered. Accordingly, the ratio of the original QE
image (Fig. 1(b)) to the new QE image after this CW
operation should be flat. But in reality it shows obvious
differences, as shown in the red dashed circle and the blue
dashed ellipse of Fig. 3(a).
FIG. 3. The GaAs photocathode ion back-bombardment dis-
tribution measurement with QE imaging. (a) The ratio of
the original QE image to the new QE image after a period of
CW operation on cathode #1. The red dashed circle repre-
sents the image formed by ion back-bombardment. The blue
dashed ellipse indicates that the non-uniform region of the
active layer also has a faster rate of QE degradation. (b) The
distribution projections in the x and y directions inside the
black dashed square of (a).
Since the cathode is flat and the electric field of the
electron gun is radially symmetrical, the ions, produced
by ionization in the vacuum system and accelerated by
the electric field, would strike around the center, making
the QE of that area degrade faster. The rate of decline, to
some extent, represents the density of the ions. There-
fore, the distribution within the red dashed circle rep-
resents the ion back-bombardment distribution and its
effect on QE. The distribution projections in the x and
y directions inside the black dashed square are shown in
Fig. 3(b), which can be fitted as a Gaussian distribution.
The results were similar to those obtained by the Monte
Carlo simulation in the RF gun [18].
It could also be observed that the QE near the lower
edge of the photocathode decreased more rapidly than it
did in other areas, as shown in the blue dashed ellipse in
Fig. 3(a). This phenomenon is an evidence of different
dark life-time related to different activation layers across
the GaAs photocathode, which suggests a way of improv-
ing the preparation process to obtain uniform QE on the
cathode surface. However, the areas above and below the
ellipse had almost the same QE descending speed, which
is worthy of further study.
The QE degradation difference due to temperature dif-
ference was also studied. An image of photocathode #2
with more non-uniform QE distribution was captured
By adjusting the laser to a very low average power, the
emitted electron bunch generated by the laser irradiation
would have a very small charge density. Therefore, the
space charge effect could be ignored, and the laser dis-
tribution could be imaged together with the QE imag-
4FIG. 4. QE degradation due to temperature difference. (a)
The original QE image on cathode #2. The red dashed circle
represents the location of the laser irradiation. (b) The ratio
of the original QE image to the new QE image after 1 W
average power laser irradiation with the high voltage turned
off. The black dashed ellipse represents QE difference caused
by laser heating. The red ellipse indicates a faster rate of QE
degradation at the edge of the non-uniform area again.
ing, when the laser irradiates a relatively uniform region
on the cathode. This would be an in situ laser trans-
verse distribution imaging method. The laser RMS size
of σr = 0.64 mm was measured in this way and the re-
sult was in good agreement with the one measured by
the laser profile CCD. The laser spot location was within
the red dashed circle in Fig. 4(a).
In order to avoid ion back-bombardment-induced QE
degradation, the high-voltage of the DC gun was turned
off, and no electrons were emitted from the cathode sur-
face to generate ions. The laser was then operated in
continuous mode to heat the cathode surface with a 1 W
average power for 35 minutes. When the laser was strik-
ing the cathode, the vacuum inside the gun remained at
about 3×10−9 Pa. The ratio of the original QE image to
the new one after this CW operation was not flat ether.
With the laser irradiation on the center, a large area
showed a QE decrease of about 10% ∼30%, as shown in
the black dashed ellipse in Fig. 4(b).
Some lower QE defects like a kind of ’black hole’ were
observed on the enlarged QE image, as shown in Fig.
5(a). The activation current of S1 is 5.7 A, correspond-
ing to an image magnification factor of about 2.1. The
resolution of this image is about 36 µm/pixel, making
the resolution on the cathode surface about 17 µm/pixel.
The biggest ’black hole’ is about 391 µm in diameter and
the smallest one is about 34 µm in diameter. These de-
fects may cause the laser transverse shaping to fail to
some extent. And the causes of these defects need fur-
ther investigation.
These defects are also observed in the SEM images.
The SEM image of the biggest defects is shown in Fig.
5(b), which is much smaller than that observed on the
QE image. The in situ imaging can provide additional
information obviously.
Additionally, some field emission defects were observed
on the surface of cathode #4, as shown in Fig. 5(c). The
FIG. 5. The imaging of QE defects and high-voltage break-
down. (a) The enlarged image of the QE distribution of cath-
ode #3 at YAG1. There were two YAG crystals mounted
next to each other. The white dashed square represents a de-
fect on the YAG crystal itself. The white dashed circles show
the location of some QE black hole defects. (b)The imaging
around the location of the biggest defect captured by scanning
electron microscopy (SEM). (c) A typical QE imaging with a
field emission defect on the cathode #4. (d) An imaging of
high-voltage breakdown when the cathode is unloaded.
QE distribution of cathode #4 exhibits a step-like shape,
which might be caused by some preparation process er-
rors. In addition, there was an obvious field emission
defect below the center, which will lead to an increase in
dark current. Marking the location and the strength of
these field emission defects on the cathode surface will
make it possible to find ways to clean them.
The linear optical system still works when the cath-
ode is unloaded, and high-voltage breakdown could be
observed when the gun was undergoing a high-voltage
conditioning, as shown in Fig. 5(d). The spring struc-
tures of the cathode holder in the gun can be observed
and it appears to be a good way to monitor the condi-
tioning process.
Furthermore, the linear optical system can be designed
inside the photocathode preparation chambers with a
single solenoid and a YAG screen. In such a case, the
changes of QE on the cathode surface can be captured in
real-time during its fabrication and preparation.
In summary, an in situ high resolution real-time QE
imaging system for photocathode was developed in the
CAEP THz FEL beamline. The resolution of this system
reached about 17 µm/pixel and the dynamic range was
about 24 dB. The dynamic processes of the QE degra-
dation induced by the back-bombardment and temper-
ature rising were observed separately. The defects of
5the lower QE and field emission were located and mea-
sured. Additionally, the breakdown of the gun condi-
tioning could also be captured with this system. This
work greatly extends the observing capability in mea-
suring the photocathode performance during preparation
and operation, and greatly expands the understanding
of the photocathode QE degradation process and details
of the preparation process, which in turn benefits re-
searches in high-brightness electron sources, image inten-
sifiers, photo-multipliers tubes and particles accelerators
in general.
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